The Kangxiwa-Dahongliutan pegmatite field in the Western Kunlun Orogen, China contains numerous granitic pegmatites around a large granitic pluton (the Dahongliutan Granite with an age of ca. 220 to 217 Ma), mainly including barren garnet-, tourmaline-bearing pegmatites, Be-rich beryl-muscovite pegmatites, and Li-, P-rich albite-spodumene pegmatites. The textures, major element contents, and trace element concentrations of columbite-group minerals (CGM) and cassiterite from three albite-spodumene pegmatites in the region were investigated using a combination of optical microscopy, SEM, EPMA and LA-ICP-MS. The CGM can be broadly classified into four types: (1) inclusions in cassiterite; (2) euhedral to subhedral crystals (commonly exhibiting oscillatory and/or sector zoning and coexisting with magmatic cassiterite); (3) anhedral aggregates; (4) tantalite-(Fe)-ferrowodginite (FeSnTa 2 O 8 ) intergrowths. The compositional variations of CGM and cassiterite are investigated on the mineral scale, in individual pegmatites and within the pegmatite group. The evolution of the pegmatites is also discussed. The variation of Nb/Ta and Zr/Hf ratios of the cassiterite mimics the Nb-Ta and Zr-Hf fractionation trends in many LCT pegmatites, indicating that these two ratios of cassiterite may bear meanings regarding the pegmatite evolution.
Introduction
Niobium and tantalum, considered as strategic metals, are widely used for manufacturing high-technology products [1,2] and columbite-group minerals (CGM) with a chemical formula (Fe,Mn)(Nb,Ta) 2 O 6 are the most important minerals in which Nb and Ta are major components. CGM commonly occurs in granitic pegmatites and highly evolved granites [3] [4] [5] [6] . Recent studies show that chemistry of CGM possibly reflects the chemistry of magma sources and pegmatite melts [5] [6] [7] and that compositional variations of CGM can potentially reveal fractionation of pegmatite melts as well as hydrothermal evolution of pegmatites [8] . Most studies on CGM from granitic pegmatites focus on major and trace elements such as Nb, Ta, Ti, Sn, Fe, and Mn [9] [10] [11] [12] [13] [14] , partly due to the limitations of analytical methods. Few studies paid attention to variation of trace element (including Li, Zr, Hf, and REE) concentrations in CGM and its relationship with pegmatite evolution [5, 7, 8] . Therefore, more research needs to be carried out in order to understand the behavior of trace elements in CGM as well as in other Nb-Ta oxides.
in diameter. Positions of laser spots are close to the analytical spots of EPMA. The laser energy and repetition rate were 5.9 J/cm 2 and 10 Hz, respectively. Helium gas was the carrier gas and NIST 610 was used as the primary external standard. Signal collecting time on gas background and sample were 10 s and 40 s, respectively. Detailed descriptions regarding the accuracy and precision of this analysis are presented in Supplementary Materials S4. A software, Aabel NG2, was used for processing ICP spectra. Niobium concentration of CGM, Ta concentration of ferrowodginite, and Sn concentration of cassiterite based on EPMA analysis were used as the internal standards for calculating trace element concentrations in CGM, ferrowodginite and cassiterite, respectively. The results of LA-ICP-MS analyses of CGM and ferrowodginite and of cassiterite are presented in Tables 4 and 5 .
Results

Field Observations
In this study, three AbSpd pegmatites near Dahongliutan were investigated, of which, No. 90 and 91 pegmatites are exposed ca. 1 km west of Dahongliutan while No. 503 AbSpd pegmatite ca. 10 km southeast of Dahongliutan, close to the southernmost margin of the Dahongliutan Granite (Figure 1b) . The Li-rich pegmatites between these two localities were not investigated due to limited road access. In a plan view map, among the investigated pegmatites, No. 503 pegmatite is the nearest pegmatite of the Dahongliutian Granite while No. 90 pegmatite the farthest (Figure 1b) . The strike of these three pegmatites is generally parallel to that of the metamorphosed strata (predominantly two-mica quartz schists) hosting the pegmatites (see The contact between the pegmatite and its country rock (two-mica quartz schists) is sharp ( Figure 3a) . The WZ is mainly composed of albite, quartz, and dark mineral (triphylite-lithiophilite series) that form dendritic aggregates growing towards the center of the pegmatite (Figure 3b ) or form rounded aggregates showing no orientation (Figure 3c ). The SMQZ is mainly composed of prismatic spodumene crystals (up to 35 cm long), coarse-grained albite, muscovite and quartz ( Figure  3d ). The megacrystic spodumene-quartz zone has a simple mineralogy and is dominated by euhedral, prismatic spodumene crystals (over 50 cm in length) and massive quartz (Figure 3e ). The spodumene in the megacrystic spodumene-quartz zone commonly shows a dark rim (Figure 3f ). The The contact between the pegmatite and its country rock (two-mica quartz schists) is sharp ( Figure 3a) . The WZ is mainly composed of albite, quartz, and dark mineral (triphylite-lithiophilite series) that form dendritic aggregates growing towards the center of the pegmatite (Figure 3b ) or form rounded aggregates showing no orientation (Figure 3c ). The SMQZ is mainly composed of prismatic spodumene crystals (up to 35 cm long), coarse-grained albite, muscovite and quartz (Figure 3d ). The megacrystic spodumene-quartz zone has a simple mineralogy and is dominated by euhedral, prismatic spodumene crystals (over 50 cm in length) and massive quartz (Figure 3e ). The spodumene in the megacrystic spodumene-quartz zone commonly shows a dark rim (Figure 3f 
Petrographic Observations
The mineralogy of the two-mica quartz schists is dominated by medium-to coarse-grained biotite ( 
The mineralogy of the two-mica quartz schists is dominated by medium-to coarse-grained biotite (10-20 vol . %), muscovite (20-35 vol . %), quartz (20-35 vol . %), tourmaline (<1-15 vol. %), and apatite (1-2 vol. %) (Figure 4a ). No. 91 and 503 pegmatites are mainly composed of albite, microcline, quartz, spodumene (30-50 vol . %), amblygonite-montebrasite (LiAl(PO 4 )(F,OH)) (15-30 vol. %), and muscovite (10-20 vol . %) with lesser disseminated cassiterite (2-3 vol. %), CGM (2-5 vol. %), and tourmaline (1%) and accessory zircon, beryl, and apatite. The well zoned No. 90 pegmatite exhibits a complicated mineralogy, compared with the other two pegmatites. In addition to the minerals within No. 91 and 503 pegmatites, No. 90 pegmatite contains triphylite-lithiophilite series and rare ferrowodginite-tantalite intergrowths. Triphylite-lithiophilite is abundant (10-15 vol . %) in the WZ (Figure 3b ) and SMQZ, and occurs as dendritic and rounded aggregates associated with fine-grained muscovite (Figure 4b ), which makes this mineral species an important Li carrier in No. 90 pegmatite. Triphylite-lithiophilite series with such morphology was considered as a primary phase crystallizing from P-rich pegmatite melts [37] [38] [39] [40] . Ferrowodginite-tantalite intergrowths are rare and mainly occur in the albite-rich part of the WZ of this pegmatite.
In all three pegmatites, spodumene (30-50 vol. %) and amblygonite-montebrasite (15-30 vol. %) are the predominant Li minerals. The two minerals commonly exhibit planar contact with each other (Figure 4c ), indicating that both minerals were likely coevally formed. Two generations of albite can be observed: (1) coarse-grained magmatic albite that is mainly coeval with spodumene and (2) bladed albite (cleavelandite) formed during the albitization of the pegmatites (e.g., the strongly albitized WZ in Figure 3b ,c). Microcline is minor and commonly coarse-grained and euhedral. Cassiterite in all the pegmatites is coarse-grained (up to cm in diameter), euhedral and is yellowish to brown (Figure 4d ). The majority of cassiterite and CGM are euhedral to subhedral and the two minerals are closely associated with each other (Figure 4d ). Both euhedral to subhedral CGM and cassiterite coexist with coarse-grained quartz and albite. CGM also occurs as aggregates in No. 90 pegmatite. Tourmaline is mainly green to dark green schorl-foitite series and elbaite is rarely encountered. Common alteration minerals include secondary quartz, sericite, and chlorite. Moreover, spodumene in all three pegmatites shows a dark rim (e.g., the dark rim of the megacrystic spodumene in Figure 3f ) that comprises intergrown spodumene and quartz (Figure 4e,f) , similar to the symplectitic texture of spodumene-quartz intergrowths reported by [41] . Such intergrowth could be the product of growth at the expense of alkali feldspar [42] or the breakdown product of petalite [43] . Therefore, this second generation of spodumene is likely of hydrothermal origin. Acicular apatite commonly occurs as inclusions in the quartz of the spodumene-quartz intergrowths (Figure 4f ). An even later generation of spodumene has also been spotted in all the three pegmatites. The third generation of spodumene occurs as fine-grained acicular aggregates in veinlets cross-cutting early mineral assemblages (Figure 4g,h ).
Important HFSE-Bearing Minerals and Classification of CGM
Columbite-group minerals, cassiterite and zircon are important HFSE-bearing minerals in the investigated pegmatites. CGMs are divided to four types based on their occurrence and morphology revealed by back scattered electron (BSE) imaging and optical microscopy. Type 1 CGM is relatively rare (only spotted in No. 503 pegmatite) and occurs as mineral inclusions in coarse-grained subhedral to euhedral cassiterite. This CGM type is fine-grained (5-25 µm in length) and anhedral, showing no zoning. Type 2 CGM occurs as subhedral to euhedral single crystals (ca. 50-200 µm in length) and commonly coexists with coarse-grained cassiterite (Figure 4d ). Both Type 2 CGM and cassiterite are associated with coarse-grained quartz, albite, spodumene, amblygonite, and muscovite. On BSE images, most Type 2 CGM shows sector and/or oscillatory zoning and increased Ta concentration from core to rim (Figure 5a ). Some CGM of Type 2 show distorted oscillatory zoning and patchy patterns (Figure 5b ). Type 2 CGM was frequently encountered in No. 91 and 503 pegmatites that show no lithological zonation. According to [21] , Type 2 CGM also was mainly present in the spodumene-muscovite-quartz zone of No. 90 pegmatite. Type 3 CGM, which is mainly spotted in both the spodumene-muscovite-quartz and the megacrystic spodumene-quartz zones of No. 90 pegmatite, exists as anhedral aggregates in which individual grains show patchy domains with higher Ta and Fe (Figure 5c ). The Ta-Fe-rich domains are commonly distributed at the margins of crystals or along fractures. Type 4 CGM occurs in anhedral tantalite-(Fe)-ferrowodginite intergrowths only spotted in the WZ of No. 90 pegmatite (Figure 5d ). In addition, the minerals associated with types 3 and 4 CGM are similar to those associated with Type 2 CGM.
Cassiterite commonly coexists with Type 2 CGM and in some cases encloses Type 1 CGM and fine-grained zircon (Figure 5e,f) . EPMA and LA-ICP-MS analyses show that cassiterite contains significant Nb and Ta (see the EPMA results for cassiterite below). Therefore, cassiterite should be considered as an important Nb-, Ta-bearing phase.
Zircon is only present as an accessory phase and is generally subhedral to euhedral in the pegmatites. In some cases, zircon is closely associated with CGM ( Figure 5g ). Many zircon crystals exhibit a porous core and a relatively clean rim (Figure 5g,h) , likely caused by dissolutionreprecipitation [44] . Compared with the core with almost no Hf, the zircon rim contains high Hf (6.08 wt. %), based on EDS analysis (Figure 5h ). Note: a.p.f.u. represents atoms per formula unit; CGM-columbite-group mineral, fwdn-ferrowodgenite; b.d. = below detection limit, and sd means standard deviation; r = rim, m = mantle, and c = core; n.a. = "not available"; "n" represents the number of analyses. Chemical formulae of CGM and wodginite were calculated based on 6 and 8 oxygen atoms, respectively. Type 1: inclusions in cassiterite; Type 2: euhedral to subhedral single crystal; Type 3: mineral aggregates; Type 4: intergrowth with ferrowodginite. * Data cited from [21] . Note: b.d. = below detection limit, n.a. = not available, and sd means standard deviation; r = rim, m = mantle, and c = core. "n" represents the number of analyses. (Table 1) . Also, the core and mantle show almost similar Ta/(Ta + Nb) and Mn/(Mn + Fe) ratios ( Figure 6 ). Nevertheless, the rim of this type contains higher FeOt and Ta2O5 contents but lower MnO and Nb2O5 than the core and mantle (Table 1) . Therefore, the rim shows higher Ta/(Ta + Nb) ratios but lower Mn/(Mn + Fe) ratios ( Figure 6 ). The WO3 contents are consistent from core to rim, varying between 0.23 ± 0.01 wt. % to 0.26 ± 0.05 wt. %. [14] and [8] , respectively. Generalized evolutionary trends of CGM compositions occurring in beryl-and complex-(spodumene, petalite, amblygonite and lepidolite) types of rare-element pegmatites are modified after [11, 45] (Table 1) . Also, the core and mantle show almost similar Ta/(Ta + Nb) and Mn/(Mn + Fe) ratios ( Figure 6 ). Nevertheless, the rim of this type contains higher FeOt and Ta 2 O 5 contents but lower MnO and Nb 2 O 5 than the core and mantle (Table 1) . Therefore, the rim shows higher Ta/(Ta + Nb) ratios but lower Mn/(Mn + Fe) ratios ( Figure 6 ). The WO 3 contents are consistent from core to rim, varying between 0.23 ± 0.01 wt. % to 0.26 ± 0.05 wt. %. Type 4 CGM and its intergrown ferrowodginite are characterized by relatively high Ta/(Mn + Fe) but low Mn/(Mn + Fe), compared with other CGM types. Unlike Type 2 CGM from the other two pegmatites, Type 2 CGM from No. 91 pegmatite show decreasing Mn/(Mn + Fe) ratio but increasing Ta/(Ta + Nb) ratio, from core to rim ( Figure 6 ). In addition, Sc shows negative correlation with Nb + Ta but positive correlation with Ta in all types of CGMs ( Figure 7 ). 
Cassiterite
Cassiterite from No. 503 pegmatite generally shows increasing SnO2 content from core to rim, with the core containing the lowest average SnO2 content (90.87 ± 4.47 wt. %) ( Table 2 ). The core contains relatively high FeOt (0.85 ± 0.68 wt. %), Nb2O5 (2.13 ± 1.75 wt. %), and Ta2O5 (3.49 ± 1.67 wt. %) contents compared to the mantle and rim. The TiO2 and WO3 of the cassiterite are below 0.25 wt. %.
In No. 90 pegmatite, cassiterite shows no obvious variation of SnO2 content from core to rim but the contents of FeOt, Nb2O5, and Ta2O5 are variable ( Table 2 ). The core contains slightly higher Ta2O5 (2.11 ± 3.40 wt. %) than the mantle and core that contain 0.69 ± 0.70 wt. % and 0.47 ± 0.28 wt. % Ta2O5, respectively ( Table 2 ). The FeOt (0.45 ± 0.71 wt. %) of the core is also slightly higher than the mantle and rim. Both core and rim contain higher Nb2O5 content (0.18 ± 0.27 wt. % and 0.28 ± 0.19 wt. %, respectively) than the mantle containing. 28 ± 0.19 wt. % Nb2O5. WO3 content is low and most analyses show WO3 content below detection limit.
In No. 91 pegmatite, cassiterite is compositionally homogeneous and shows no large variation of SnO2, FeOt, Nb2O5, and Ta2O5 contents from core to rim ( Table 2 ). The SnO2 content of the core, mantle, and rim are 94.61 ± 2.93 wt. %, 93.89 ± 1.77 wt. %, and 94.31 ± 1.05 wt. %, respectively.
Overall, Nb + Ta shows negative correlation with Sn in cassiterite, whereas Fe + Mn shows positive correlation with Nb + Ta (Figure 8a,b) . The correlations between Nb + Ta and Sn and between Fe + Mn and Nb + Ta indicate negative correlation between Fe + Mn and Sn (not shown in Figure 8 ). The Fe + Mn versus Nb + Ta binary plot shows that the data plot along the trend for magmatic cassiterite proposed in previous studies [13, 46, 47] . 
Cassiterite from No. 503 pegmatite generally shows increasing SnO 2 content from core to rim, with the core containing the lowest average SnO 2 content (90.87 ± 4.47 wt. %) ( Overall, Nb + Ta shows negative correlation with Sn in cassiterite, whereas Fe + Mn shows positive correlation with Nb + Ta (Figure 8a,b) . The correlations between Nb + Ta and Sn and between Fe + Mn and Nb + Ta indicate negative correlation between Fe + Mn and Sn (not shown in Figure 8 ). The Fe + Mn versus Nb + Ta binary plot shows that the data plot along the trend for magmatic cassiterite proposed in previous studies [13, 46, 47] . 
Triphylite
The triphylite-lithiophilite series from the WZ and SMQZ of No. 90 pegmatite was analyzed for major elements using EPMA. The compositions of the triphylite-lithiophilite series from both zones are dominated by triphylite component (Table 3) . Apart from P, Fe, Mn, and Li that are major elements in triphylite, Mg, Ca, and Zn are present in minor amounts. In general, Fe + Mn (in a.p.f.u.) negatively correlates with Li (in a.p.f.u.) (Figure 9a ). According to [48] , triphylite and sarcopside ((Fe,Mn) 2+ 1.5(PO4)) can form solid solution at relatively high temperature. The negative correlation between Fe + Mn and Li can be explained by a substitution mechanism Li + + Li + → (Fe, Mn) 2+ + □. The excess Fe + Mn can also be explained by this substitution mechanism. The Mn/(Mn + Fe) ratio 
The triphylite-lithiophilite series from the WZ and SMQZ of No. 90 pegmatite was analyzed for major elements using EPMA. The compositions of the triphylite-lithiophilite series from both zones are dominated by triphylite component (Table 3) . Apart from P, Fe, Mn, and Li that are major elements in triphylite, Mg, Ca, and Zn are present in minor amounts. In general, Fe + Mn (in a.p.f.u.) negatively correlates with Li (in a.p.f.u.) (Figure 9a ). According to [48] , triphylite and sarcopside ((Fe,Mn) 2+ 1.5 (PO 4 )) can form solid solution at relatively high temperature. The negative correlation between Fe + Mn and Li can be explained by a substitution mechanism Li + + Li + → (Fe, Mn) 2+ + . The excess Fe + Mn can also be explained by this substitution mechanism. The Mn/(Mn + Fe) ratio increases with increasing Li and the triphylite from the WZ exhibits higher Mn/(Mn + Fe) ratio than that from the SMQZ (Figure 9b ). Calcium and Zn generally show negative correlation with Li ( Figure 9c,d) whereas Mg no obvious correlation with Li content (Figure 9e ). Tungsten exhibits positive correlation with Li ( Figure 9f) . Moreover, the triphylite from the WZ contains higher Zn and Mg content than that from the SMQZ (Figure 9d,e) . (Figure 10 ; Table 4 ). Among three types, Type 3 CGM contains the lowest Ti, Zr, Hf, and Sn concentrations. Type 4 CGM and ferrowodginite contains the highest Ti, Sc, and Sn concentrations but the lowest W concentration (Figure 10a (Table 4) . Note: clb-columbite, fwdn-ferrowodgenite, ttl-tantalite; b.d. = below detection limit; r = rim, m = mantle, and c = core. Zr  189  208  179  188  199  203  192  184  270  468  431  308  873  742  Nb  185  241  144  150  218  232  212  156  514  2673  3753  1989 Moreover, the rim of cassiterite generally contains low Ti but high Ta and exhibits low Nb/Ta ratio, compared to the core and mantle ( Figure 11 ). (Table 5) . Lithium concentration mostly varies between 2.8 and 6.9 ppm. The concentrations of Rb, Sr, and Cs are mainly below 5 ppm. For the majority of the cassiterite grains from No. 91 pegmatite, Sc, Y, and REE concentrations are mainly below the detection limits.
The cassiterite from the three pegmatites mainly shows difference in concentrations of Sc, Zr, and Nb and Nb/Ta ratio. The Ti concentrations of cassiterite from different pegmatites basically vary in a similar range (Figure 11a ). The cassiterite from No. 90 pegmatite contains higher Sc concentrations but lower Zr and Nb concentrations than those from No. 91 and No. 503 pegmatites (Figure 11b,c,e) . The cassiterite from the three pegmatites contains similar Hf and Ta concentrations (Figure 11d,f) . Moreover, the cassiterite from No. 90 pegmatite is characterized by relatively low Nb/Ta ratio, compared with the cassiterite from the other two pegmatites.
Discussion
Origin of Cassiterite and CGM
Although cassiterite can either crystallize from melts or form hydrothermally in granitic pegmatites [12, 49, 50] , no distinct difference in morphology has been recognized between magmatic and hydrothermal cassiterite. For example, Pal et al. [12] showed that magmatic cassiterite along with CGM and Hf-zircon occurred as irregular inclusions in hydrothermal cassiterite. In some Sn-Ta-Nb mineralized pegmatites from Manono-Kitotolo, hydrothermal cassiterite reached centimeters in size, much larger than magmatic cassiterite [50] . In this study, cassiterite mostly occurs as single crystals with grain sizes up to cm in all the studied AbSpd pegmatites and exhibits euhedral crystal habit. Yan et al. [21] suggested that the cassiterite was magmatic because cassiterite was associated with coarse-grained albite and quartz that likely formed at an early magmatic stage in No. 90 pegmatite. Another way to determine the origin of cassiterite is to look at the correlation between Nb + Ta and Fe + Mn in cassiterite. As showed in [13, 47] , Nb + Ta and Fe + Mn values (in a.p.f.u.) of magmatic cassiterite generally plot along the 2: 1 line on the Nb + Ta versus Fe + Mn binary diagram whereas hydrothermal cassiterite shows no such correlation. Figure 8 shows that the data points of the cassiterite from all three pegmatites also plot on the same linear array as the magmatic cassiterite did in [13, 47] . This indicates that the cassiterite in this study is likely of magmatic origin. The 2:1 ratio between Nb+Ta and Fe+Mn is related to the substitution 2(Nb, Ta) 5+ + (Fe, Mn) 2+ = 3Sn 4+ proposed by [46, 47] .
Four types of CGM have been identified based on their occurrence and morphology. Types 1 and 2 CGM are magmatic because: (1) Type 1 CGM occurs as inclusions (showing no orientation) in the magmatic cassiterite ( Figure 5f ); (2) Type 2 CGM exhibits oscillatory zoning and sector zoning in some cases (Figure 5a ), which is typical for magmatic CGM [8, 51] ; and (3) Type 2 CGM is likely at equilibrium with the magmatic cassiterite as indicated by their planar contact (Figure 4d ). The textural relationships also suggest that Type 1 CGM was earlier than Type 2 CGM. Although Type 3 CGM is associated with the same mineral assemblage as Type 2 CGM, no direct contact between these two types has been observed. Unlike Type 2 CGM, Type 3 CGM occurs as aggregates and shows a complicated internal texture with patchy Ta-Fe-rich domains at the margins of crystals or along fractures (Figure 5c ). Such feature is likely related to late-stage metasomatic replacement caused by highly reactive fluids exsolved from the residual melts [11] . Also, according to [11] , it is common that an early columbite generation can be partially to completely replaced by a later, Ta-richer columbite-tantalite generation. Therefore, Type 3 CGM should have formed later than Type 2 CGM and might be a metasomatic product of Type 2 CGM. Type 4 CGM is intergrown with ferrowodginite and both minerals exhibit patchy textures (Figure 4d ). In many Li-rich pegmatites, the trend of crystallization of primary Ta-Nb-Sn oxides generally corresponds to progressive Fe → Mn and Nb → Ta substitutions in these oxides during magmatic fractionation and wodginite as a rare final product of such fractionation is commonly Mn-Ta-rich [9, 52] . However, the ferrowodginite and its associated CGM in this study are both Fe-rich. These CGM-ferrowodginite intergrowths show similarities with the tantalite-(Fe) + ferrowodginite assemblage in some of the Separation Rapids pegmatites (cf. [52] ). The latter represents the highly evolved product of an evolutionary sequence from columbite-(Fe) to columbite-(Fe) + ferrowodginite to tantalite-(Fe) + ferrowodginite to microlite-group minerals (the paths for beryl pegmatites and spodumene pegmatites in Figure 6 ) [52] . Therefore, in No. 90 pegmatite, the Type 4 CGM-ferrowodginite intergrowths could be magmatic but formed later than Type 2 CGM that is compositionally columbite-(Fe). In summary, based on petrographic observations, the crystallization sequence of the Nb-Ta-Sn oxide minerals in the Dahongliutan AbSpd pegmatites can be described as: Type 1 CGM (as inclusions in cassiterite) → Type 2 CGM + cassiterite → Type 3 CGM or→ Type 4 CGM + ferrowodginite. It is difficult to make a judgement on the crystallization sequence between types 3 and 4 CGM + ferrowodginite solely based on textural relationships. Their crystallization sequence will be further elucidated from a perspective of Nb-Ta and Mn-Fe fractionation in the next section.
Chemical Evolution of Cassiterite and CGM within a Single Pegmatite
In this study, our LA-ICP-MS analyses show that the concentrations of LILE, REE, Y, U, Th, and Pb are extremely low in CGM and cassiterite and do not show any distinct variation patterns. Therefore, we only focus on elements including Zr, Hf, Nb, Ta, W, Sn, Ti, and Sc that are commonly present in CGM and cassiterite and have been mentioned in the literature.
No. 503 Pegmatite
In No. 503 pegmatite, it is obvious that the rim of cassiterite mostly contains higher Ta concentrations and shows lower Nb/Ta and Zr/Hf ratios than the core and mantle (Figure 12) . Thus, the crystallization of the cassiterite likely reflects Nb-Ta and Zr-Hf fractionation in No. 503 pegmatite and the composition of cassiterite evolved towards a Ta-and Hf-richer composition. Such Nb-Ta and Zr-Hf fractionation are commonly reflected by Nb-Ta oxides (typically CGM) and zircon, respectively, in high evolved LCT-family pegmatites [37] . According to [37] , the trends of Nb/Ta versus Ta in CGM and Zr/Hf versus Hf in zircon are right-declined and linear with almost identical slopes, with increasing fractionation degree of pegmatites. Linnen and Cuney [53] pointed out that such fractionation trends were likely due to different solubilities of end-member phases in CGM and zircon, respectively. According to their study, because columbite and zircon have lower solubilities than tantalite and hafnon, respectively, in metaluminous to peraluminous granitic melts, the granitic melts would be Ta-and Hf-richer with increasing fractionation degree. Recently, Van Lichtervelde et al. [54] argued that isothermal Nb-Ta fractionation cannot be explained by solubility differences. Rather, disequilibrium crystallization at supersaturation should be the reason for extreme Ta enrichment in residual melts [54] . To date, little attention has been paid to Nb/Ta and Zr/Hf ratios in cassiterite (e.g., [55] ). In this study, on Nb/Ta versus Zr/Hf binary plot (Figure 12a) , it is noticeable that Nb/Ta and Zr/Hf ratios of the cassiterite from No. 503 pegmatite show a positive correlation. Because the cassiterite is a primary phase in the pegmatite and can incorporate Nb, Ta, Zr, and Hf into its structure through substitution [19] , it is expected that the Nb/Ta and Zr/Hf ratios of the cassiterite potentially reflect the Nb-Ta and Zr-Hf fractionation of the pegmatite melts as in this case.Černý et al. [46] also suggested that the compositional trend of cassiterite is from Nb-rich to Ta-rich cassiterite in lepidolite-subtype pegmatites. In addition, the Sn/W and Nb/Ta ratios show a negative correlation and the Sn/W ratios generally increase from core and mantle to rim (Figure 12b) . Möller et al. [56] suggested that W enters cassiterite via the substitution W 6+ + 2Fe 3+ = 3Sn 4+ . Hence, the incorporation of W into cassiterite is controlled by the availability of Fe 3+ that is affected by oxygen fugacity. In this study, charge balance calculations based on EPMA data indicate that Fe 3+ in cassiterite is minimal and that Fe is predominantly Fe 2+ (Table 2) . Because both EPMA and LA-ICP-MS analyses have revealed that W concentration is much lower than Fe, Nb, and Ta concentrations in most cassiterite (Tables 2  and 5 ), the correlation between Fe and W is likely overshadowed by the correlation between Fe + Mn and Nb + Ta. Therefore, it is not sure whether the Sn/W ratios of cassiterite could be affected by change in oxygen fugacity at this moment. Alternatively, the Sn/W ratios of cassiterite could be influenced by the growth of Type 2 CGM because the CGM appears to be a main carrier of W and exhibits consistent Sn/W ratios, incorporating up to 3549 ppm W ( Table 5) . As the CGM incorporated significant W into its structure, there would be less W available for cassiterite, which resulted in increase in the Sn/W ratios of cassiterite. Compared to the cassiterite, Type 2 CGM exhibits extremely low Sn/W ratios (mostly below 1) (Figure 12b) In this pegmatite, Type 2 CGM shows no distinct variation patterns for Ti, Sc, Zr, Hf, Sn, and W from core to rim (Figure 10 ). The Nb/Ta ratios of Type 2 CGM vary in a relatively narrow range (2.3-4.4), compared to the cassiterite in the same pegmatite ( Figure 12 ). The Zr/Hf and Sn/W ratios of most Type 2 CGM are consistent, ranging from 8 to 10.5 and from 0.4 to 0.7, respectively. Also, the Nb/Ta ratios of Type 2 CGM exhibit no clear correlation with either Zr/Hf ratios or Sn/W ratios ( Figure 12 ). As mentioned, the textural relationship between Type 2 CGM and cassiterite suggests that these two minerals are mostly at equilibrium (Figure 4d ). If Type 2 CGM and cassiterite were coeval, the Nb/Ta, Zr/Hf, and Sn/W ratios of Type 2 CGM should also change. However, unlike the cassiterite whose compositional variations reflect Nb-Ta and Zr-Hf fractionation of the pegmatite melt, Type 2 CGM may have crystallized in a stable environment, as indicated by the consistent trace element concentrations and Nb/Ta, Zr/Hf, and Sn/W ratios. The distinctly different compositional variation patterns exhibited by Type 2 CGM and cassiterite could be explained by their different growth history. In other words, Type 2 CGM is only in equilibrium with part of the cassiterite (either the core and mantle or the rim). If the CGM only grew coevally with the cassiterite rim, the core and mantle of the cassiterite should not exhibit planar contact with Type 2 CGM, as showed in Figure 4d . Rather, the core and mantle of the cassiterite should be separated from Type 2 CGM and/or other minerals by the rim of the cassiterite. Therefore, we propose that Type 2 CGM is in equilibrium with the core and mantle of the cassiterite. In this pegmatite, Type 2 CGM shows no distinct variation patterns for Ti, Sc, Zr, Hf, Sn, and W from core to rim (Figure 10 ). The Nb/Ta ratios of Type 2 CGM vary in a relatively narrow range (2.3-4.4), compared to the cassiterite in the same pegmatite ( Figure 12 ). The Zr/Hf and Sn/W ratios of most Type 2 CGM are consistent, ranging from 8 to 10.5 and from 0.4 to 0.7, respectively. Also, the Nb/Ta ratios of Type 2 CGM exhibit no clear correlation with either Zr/Hf ratios or Sn/W ratios ( Figure 12 ). As mentioned, the textural relationship between Type 2 CGM and cassiterite suggests that these two minerals are mostly at equilibrium (Figure 4d ). If Type 2 CGM and cassiterite were coeval, the Nb/Ta, Zr/Hf, and Sn/W ratios of Type 2 CGM should also change. However, unlike the cassiterite whose compositional variations reflect Nb-Ta and Zr-Hf fractionation of the pegmatite melt, Type 2 CGM may have crystallized in a stable environment, as indicated by the consistent trace element concentrations and Nb/Ta, Zr/Hf, and Sn/W ratios. The distinctly different compositional variation patterns exhibited by Type 2 CGM and cassiterite could be explained by their different growth history. In other words, Type 2 CGM is only in equilibrium with part of the cassiterite (either the core and mantle or the rim). If the CGM only grew coevally with the cassiterite rim, the core and mantle of the cassiterite should not exhibit planar contact with Type 2 CGM, as showed in Figure 4d . Rather, the core and mantle of the cassiterite should be separated from Type 2 CGM and/or other minerals by the rim of the cassiterite. Therefore, we propose that Type 2 CGM is in equilibrium with the core and mantle of the cassiterite.
No. 90 Pegmatite
In No. 90 pegmatite, cassiterite is characterized by low Nb/Ta and Zr/Hf ratios (Figure 12a ). The cassiterite shows high Sn/W ratios, corresponding to extremely low W concentration (<5 ppm) ( Table 5) . No certain correlation between Nb/Ta and Zr/Hf or between Nb/Ta and Sn/W can be recognized possibly due to the extremely low Nb/Ta ratios.
No. 90 pegmatite shows complicated mineralogical evolution of Nb-Ta oxides that is defined by a trend from Type 2 CGM (columbite-(Fe)) + cassiterite → Type 3 CGM (columbite-(Mn)) or → Type 4 CGM (tantalite-(Fe)) + ferrowodginite ( Figure 6 ). Type 2 CGM coexisting with the cassiterite exhibits consistent Mn/(Mn + Fe) and Ta/(Ta + Nb) and no distinct variations ( [21] ; also see the area circled by a blue line in Figure 6 ). According to [21] , Type 2 CGM exhibits consistent Sn/W ratios (mostly between 0.08 and 0.29) and no correlation between Nb/Ta and Sn/W ratios of Type 2 CGM can be recognized.
Type 3 CGM which formed after Type 2 CGM is generally Mn-and Ta-richer than Type 2 CGM. The overall compositional change from Type 2 CGM to Type 3 CGM is consistent with the typical evolutionary trend described for many LCT pegmatites (e.g., Kolmozero [8] ; Separation Rapids [11] ; Jálama [14] ). It is also noticeable that the Mn/(Fe + Mn) ratio decreases whereas the Ta/(Ta + Nb) increases from core to rim in Type 3 CGM (Figure 6 ). This indicates that CGM evolved towards a Feand Ta-richer composition during the growth of Type 3 CGM.
Type 4 CGM and ferrowodginite are both Fe-and Ta-richer than types 2 and 3 CGM ( Figure 6 ). As discussed above, Type 4 CGM and ferrowodginite formed after Type 2 CGM but no textural relationships revealing the crystallization sequence between types 3 and 4 CGM have been observed. If Type 3 CGM crystallized before Type 4 CGM + ferrowodginite, then the evolutionary trend would be Type 2 CGM (columbite-(Fe)) + cassiterite → Type 3 CGM (columbite-(Mn)) → Type 4 CGM (tantalite-(Fe)) + ferrowodginite, which shows progressive Nb-Ta fractionation. Compared to Type 3 CGM, the relatively low Zr/Hf ratios of Type 4 CGM + ferrowodginite also indicate obvious Zr-Hf fractionation. This trend is unusual, compared with other LCT pegmatites showing extensive Nb-Ta fraction but limited Mn-Fe fractionation (e.g., Jálama [1,4]; some Li-rich pegmatites at Separation Rapids [52] ; La Viquita spodumene pegmatite [57] ). The reversed Mn-Fe fractionation trend may be explained by interaction between pegmatite melts with the wallrock [52, 57] . Tindle et al. [52] suggested that the interaction between the pegmatite-derived fluids and the wallrock could release Ti and Fe into the residual melt to produce Ti-Fe-rich wodginite. This hypothesis can also explain the occurrence of tantalite-(Fe)-ferrowodginite intergrowths confined to the WZ. Triphylite-lithiophilite series is commonly considered as a primary phase in LCT pegmatites [37] [38] [39] [40] . The triphylite which is the Fe-Mn-richest mineral and abundant in No. 90 pegmatite evolves towards Mn-richer compositions (Figure 9a,b) , using Li content as an indicator. However, the low Mn/(Mn + Fe) value (<0.5) of triphylite suggests that the crystallization of this phase cannot be responsible for the reversed Mn-Fe fractionation. If Type 3 CGM crystallized later than Type 4 CGM + ferrowodginite, reversed Nb-Ta fractionation at a late stage, which has rarely been reported in the literature, is then required. Nevertheless, compared to reversed Mn-Fe fractionation, reversed Nb-Ta fractionation is difficult to happen for the following reasons. Firstly, although hydrothermal replacement can potentially fractionate Nb from Ta, Novák andČerný [58] showed that Nb and Ta had limited mobility under hydrothermal conditions and that the Nb/Ta ratios of the secondary phases were comparable to those of their precursors. Secondly, competition for Nb and Ta is mainly restricted to Nb-Ta-Sn-Ti oxides and possibly mica in pegmatites, unlike competition for Mn and Fe occurring between a variety of minerals such as mica, phosphates (e.g., triphylite in this study), tourmaline and oxides. Finally, considering that Type 3 CGM became Fe-and Ta-richer during its growth, it would be reasonable to assume that Type 4 CGM and ferrowodginite formed after Type 3 CGM.
From Type 3 CGM to Type 4 CGM + ferrowodginite, the compositional trend is characterized by significant increase in Ti, Sc, Zr, Hf, and Sn and slight decrease in W, accompanied by decreased Mn/Fe (Figure 10 ). Titanium and Sc could be derived from the wallrock or accumulate in residual melts through magmatic fractionation and partition into late generations of Nb-Ta oxides [59] . In this case, Ti could be derived from the wallrock because TiO 2 contents decrease from 0.70 ± 0.11 wt. % in Type 2 CGM to 0.23 ± 0.19 wt. % in Type 3 CGM but increase significantly in Type 4 CGM + ferrowodginite (2.03 ± 1.77 wt. % TiO 2 ). Scandium is likely incorporated into CGM via a euxenite-type substitution (Fe, Mn) 2+ + (Nb, Ta) 5+ = Sc 3+ + Ti 4+ , according to [60] . Thus, increased Ti activity would facilitate incorporation of Sc into CGM. Type 2 CGM from No. 90 pegmatite has not been analyzed for Sc using LA-ICP-MS and some Sc concentrations obtained using EPMA are close to the detection limit and may not be precise. For this reason, whether Sc accumulates in the course of magmatic fractionation remains unclear. Zirconium is regarded as a primary component of the pegmatite melt [57] . Due to low mobility, Hf is likely derived from the pegmatite melt, similar to Zr. The increased Sn activity during the formation of Type 4 CGM + ferrowodginite is not clear. One possibility is that the residual melt interacted with Sn-bearing fluids exsolved from the pegmatite at earlier stages to produce wodginite-group minerals [61] . According to [62] , Sn can partition into the fluid phase when a high saline fluid is exsolved from a H 2 O-saturated Sn-rich melt. The exsolution of Sn-bearing fluids after the crystallization of early cassiterite could also explain the decreased Sn activity during the formation of Type 3 CGM. Tungsten concentrations in the Nb-Ta oxides continuously decrease from Type 2 CGM (containing 1.10 ± 0.23 wt. % WO 3 or 8723 ± 1824 ppm [21] ) to Type 3 CGM (containing 1375 ± 456 ppm W) to Type 4 CGM + ferrowodginite (577 ± 39 ppm W), which is likely the result of magmatic fractionation [59] .
No. 91 Pegmatite
In No. 91 pegmatite, cassiterite also shows a positive correlation between Nb/Ta and Zr/Hf ratios (Figure 12a) . However, the Nb/Ta and Sn/W ratios of the cassiterite do not exhibit any correlation (Figure 12b) . Type 2 CGM which is the only CGM type in this pegmatite shows decreasing Nb/Ta (or increasing #Ta) from core to rim ( Figure 6 ). Due to the small size, no LA-ICP-MS analyses were conducted for determining Zr and Hf concentrations of Type 2 CGM in this pegmatite. Therefore, the correlation between Nb/Ta and Zr/Hf ratios of Type 2 CGM cannot be investigated in this study. The Sn/W ratios (0.86 ± 0.21) of the core of Type 2 CGM are comparable to those (0.68 ± 0.37) of the rim, based on EPMA analysis (Table 1) .
Chemical Evolution of Cassiterite and CGM within the Pegmatite Group
The Zircon U-Pb ages (220 ± 2.2 Ma to 217 ± 2.2 Ma) for the Dahongliutan Granite obtained by [34] are comparable to the columbite and cassiterite U-Pb age (211.9 ± 2.4 Ma and 218 ± 12 Ma) for No. 90 pegmatite obtained by [21] . Considering that the regional zonation of the pegmatites around the Dahongliutan Granite mimics the typical zonation pattern for LCT-type pegmatites and their parental granites [37] , the Dahongliutan Granite may be the parental granite for the AbSpd pegmatites [20, 21] . Moreover, according to our field observations, No. 503, No.91, and No. 90 AbSpd pegmatites are distributed with an increasing horizontal distance from the Dahongliutan Granite (Figure 1b) . In this study, we compare the compositions of the coexisting cassiterite and CGM (Type 2) from these three pegmatites to investigate the chemical evolution of magmatic cassiterite and CGM within a pegmatite group. For convenience reasons, Type 2 CGMs from No. 503, 91, and 90 pegmatites are designated CGM2_503, CGM2_91, and CGM2_90, respectively. Similarly, the cassiterites from No. 503, 91, and 90 pegmatites are designated Cst_503, Cst_91, and Cst_90, respectively. Figure 6 shows that Type 2 CGM from all the pegmatites (except the rim of CGM2_91) exhibits similar #Ta (or Nb/Ta). Because the Nb and Ta are mainly controlled by the CGM, the similar Nb/Ta interaction with wallrock whereas the change in the Zr, Hf, and W concentrations of the Nb-Ta-Sn oxides was the result of magmatic fractionation. The sudden increase in the Sn activity during the formation of ferrowodginite at a late-stage was possibly related to the interaction between the residual melt and Sn-bearing fluids exsolved at an earlier stage. Within the pegmatite group, Type 2 CGM (except the rim of Type 2 CGM from No. 91 pegmatite) from all three pegmatites shows comparable Nb/Ta ratios. In contrast, the cassiterite coexisting with Type 2 CGM from the three pegmatites exhibits inconsistent Nb/Ta ratios, indicating that the Type 2 CGM + cassiterite was likely formed under different physicochemical conditions (temperature, pressure, etc.). The cassiterite from different pegmatites also shows different Zr/Hf and Sn/W ratios. The Sn/W ratios of the cassiterite is strongly influenced by the coexisting CGM. Moreover, the Nb/Ta and Zr/Hf ratios of the cassiterite display a positive correlation that mimics the Nb-Ta and Zr-Hf fractionation in many LCT pegmatites. Therefore, these two ratios of cassiterite may bear meanings regarding the pegmatite evolution and are worth further investigation. 
